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In this paper, a new method for realizing a low driving voltage electroabsorption modulator based on the
band-lling eect is demonstrated. The InP-based electroabsorption modulator is integrated using DVS-
BCB adhesive bonding on a silicon-oninsulator waveguide platform. When the electroabsorption modulator
is forward biased, the band-lling eect occurs, which leads to a blue shift of the exciton absorption spectrum
while the absorption strength stays almost constant. In static operation, an extinction ratio of more than 20 dB
with 100 mV bias variation is obtained in an 80 m long device. In dynamic operation, 1.25 Gbps modulation
with a 6.3 dB extinction ratio is obtained using only a 50 mV peak-to-peak driving voltage. The band-lling
eect provides a novel method for realizing ultra-low-driving-voltage electroabsorption modulators.
Quantum-conned Stark eect (QCSE) based elec-
troabsorption modulators (EAM) exhibit high speed, low
energy consumption, relatively high extinction ratio and
small footprint.1,2 These features make EAMs widely
used in optical communications. In addition, the elec-
troabsorption eect can also be used to build a high
speed photodetector, which possesses a similar structure
as that of an EAM.3 This dual function property en-
ables, e.g., on-chip optical transceivers4 and compact op-
toelectronic oscillators (OEO).5 Recently, silicon photon-
ics integrated with electronic devices fabricated in com-
plementary (CMOS) production lines has become an en-
abling technology for the realization of integrated opti-
cal systems.6,7 High speed InP-based EAMs have also
been successfully implemented in silicon photonic circuits
though hybrid integration technology.1,4,8,9 However, for
silicon photonics, it is important to reduce the power con-
sumption. Because the transition energy consumed by an
EAM is proportional to the driving voltage squared,1 a
low driving voltage EAM is required in silicon photon-
ics. On the other hand, an EAM directly driven by the
low voltage swing signal from an advanced digital logi-
cal CMOS driver can also save the energy consumption
from the electrical signal amplier. Recently, sub-100
mV driving voltage silicon modulators based on a high
Q microring resonator or a photonic crystal cavity have
been demonstrated.10,11 However, those devices are very
sensitive to fabrication imperfections and cannot be used
as photodetectors. For QCSE based EAMs, it is challeng-
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ing to reduce the driving voltage without an increase in
the modulator size and insertion loss. Even when using
a complex slow-light Bragg waveguide to enhance light-
matter interaction,12 it is still hard to integrate with sili-
con photonics and reduce the driving voltage to the level
of silicon modulators. Therefore, it is desirable to nd
a new, simple way to reduce the driving voltage without
requiring complex fabrication procedures.
The band-lling eect in modulation-doped multiple
quantum-wells (MQWs) has been studied since 1980s.13
The band-lling eect, whereby the conduction subbands
are lled with a two-dimensional (2D) electron gas, re-
sults in a blue shift of the absorption edge. By con-
trolling the bias voltage, the electron concentrations in
the MQWs region can be adjusted. In this way, the
MQWs absorption edge can be controlled by bias volt-
age through the band-lling eect. This eect, using
modulation-doped quantum wells, has been exploited in
100 mV driven active Q-switching lasers.14 However, no
EAM exploiting the band-lling eect has been demon-
strated yet.
In this paper, we demonstrate a novel type of low driv-
ing voltage EAM based on the band-lling eect, oper-
ation at 1.55 m. The EAM is bonded on and coupled
to a silicon-on-insulator (SOI) waveguide circuit, which
makes it attractive to be combined with a direct digital
CMOS drive.
Fig. 1 shows the cross-sectional view of the EAM
integrated on SOI using DVS-BCB adhesive bonding
technology.8 It consists of a silicon ridge waveguide, a
thin bonding layer and a III-V p-i-n diode. The 380
nm thick silicon ridge waveguide is etched 160 nm deep
and planarized using SiO2. The thin bonding layer in-
cludes a 30 nm thick DVS-BCB layer and 15 nm SiO2.
2FIG. 1. (a) Cross-section view of the EAM bonded on SOI.
(b) SEM image of the cross-section of the fabricated III-V/Si
hybrid waveguide.
FIG. 2. (a) Three-dimensional sketch of the EAM bonded on
SOI. (b) Top microscope image of the III-V/Si hybrid inte-
grated EAM.
At the top of the III-V p-i-n structure, there is a 100
nm p++-InGaAs (1.51019 cm-3) layer allowing a low
resistance metal contact. Below it, there is a 1.5 m
gradually-doped (21018 to 11018 cm-3) p-InP. In the
intrinsic region, a MQW stack is sandwiched between
two separate connement heterostructure layers (SCH)
of In0.52Al0.16Ga0.32As. The MQW stack (nominal pho-
toabsorption edge at 1560 nm) consists of 10 compres-
sively strained In0.65Al0.09Ga0.26As quantum wells and
11 tensile strained In0.42Al0.17Ga0.39As barriers. At the
bottom of the III-V structure, a 150 nm thin n-InP
(31018 cm-3) layer is present and also used as the lat-
eral contact to the ground metal. The detailed epitaxial
layer structure is shown in Fig. 1(a) and (b).
The fabrication process of this EAM is simpler than
that of our previous laser/modulator.4,8,9 Thanks to the
highly selective wet etching process used, a photoresist
mask instead of a SiN hard mask can be used to de-
ne the III-V waveguide. In this way, the deposition and
etching of SiN hardmask layers by PECVD and ICP-RIE
respectively is avoided. The SOI waveguide circuit is fab-
ricated through an ePIXfab Multi Project Wafer run.15
The silicon ridge waveguide is 1.5 m wide. After bond-
ing and removing the InP substrate, the InGaAs layer is
patterned by wet-etching (H3PO4:H2O2:H2O = 1:1:20)
using a photoresist mask. Then the p-InP waveguide is
dened using the InGaAs pattern as a mask through wet
etching (HCl:H2O = 1:1). The waveguide cross section
becomes an inverted trapezoid with a width of 2.5 m
at the top and 1.5 m at the bottom. The MQW+SCH
layers are patterned also with wet-etching (Citric:H2O2
= 20:1) using a 5 m wide photoresist mask. By care-
fully controlling the amount of under-etching, the width
of the MQW+SCH region is nominally reduced to 1.5
m. A 0.1 m thick Ni/Ge/Au alloy is deposited onto
the n-InP forming the n-contacts. Then the n-InP is wet
etched (HCl:H2O = 1:1) in order to electrically isolate
the devices. All the wet etching processes are performed
at 20 C. A 2.5 m thick DVS-BCB layer is used for pas-
sivation and planarization. Via holes are formed in the
DVS-BCB for metal connections. Finally, a metal stack
of 40 nm Ti/ 1 m Au is deposited onto the p-InGaAs
and n-contacts for forming the 100 m pitch ground-
signal-ground (GSG) metal contact. Fig. 2(a, b) respec-
tively show the three-dimensional sketch of the designed
lumped electrode EAM and a top-down photograph of
a fabricated device. Fig. 1(b) shows the cross section of
the fabricated III-V/Si hybrid waveguide structure.
The mode conversion from the silicon ridge waveguide
to the hybrid waveguide is achieved by a 45 m long bi-
level taper in III-V material.9,16 The silicon ridge waveg-
uide remains 1.5 m wide under the bi-level taper. In the
rst part of the taper, the mode is converted from the sili-
con ridge waveguide mode to that of the hybrid structure
without the thick p-InP layer, where the MQW+SCH
layers width laterally is tapered from 0.2 m to 1.5 m.
The second part of the taper transforms the optical mode
into that of the full III-V waveguide, where the p-InP
layer is laterally tapered from 0.2 m to 2.5 m and the
MQW+SCH layers are kept 1.5 m wide. The simulated
coupling eciency between the silicon ridge waveguide
and hybrid waveguide is around 98%. The optical con-
nement factor in the ten quantum wells of the hybrid
waveguide is around 24%.
The present EAM with InAlGaAs MQWs exhibits a
strong and sharp exciton absorption peak at the absorp-
tion edge due to its large conduction band oset.2 Since
the band-to-band continuum transition energy (which is
above the exciton transition energy) has a small inuence
on the absorption edge, we adopt a theoretical model only
containing the exciton transition, in order to simplify cal-
culation of the absorption spectra and the shift of the ab-
sorption edge for the EAM.17 The material parameters of
the MQW structure, such as the eective electron/hole
mass, Luttinger parameters, band energy levels, etc., are
taken from Ref. 18, taking into account the nominal com-
position of each layer. The half-linewidth for the absorp-
tion peak varies from 1 meV at zero electric eld to 1.4
meV at 42 KV/cm, is taken from the measuring results.
The eective mass m* of the average matrix element is
0.0064 m0,
17 where m0 is the electron mass.
The simulated exciton absorption spectra for a 80 m
long EAM are shown in Fig. 3. Due to the p-i-n structure
used, there is a built-in electric eld at 0 V bias. Zero
electric eld in the intrinsic layer is achieved at a for-
ward bias of 0.6 V. Below 0.6 V, the absorption spectra
3FIG. 3. The simulated exciton absorption spectra (dB) for the
80 m long EAM with dierent bias voltages. The strongest
absorption is more than 20 dB.
for the EAM are calculated using a QCSE model. The
exciton absorption peak red shifts with increasing applied
electric eld. Due to the decreasing electron-hole over-
lap integral with increasing electric eld, the absorption
magnitude decreases. Above 0.6 V, the absorption spec-
tra for the EAM are calculated using a the band-lling
eect model. The exciton absorption peak blue shifts
when more current is injected into the conduction band.
Since the electron-hole overlap integral remains almost
constant with increasing current density, the absorption
does not decrease in magnitude. The exciton transition
energy shift E is given by: E = (1 + me=mh)EF ,
where EF is the Fermi energy level for the electrons,
and me and mh are the eective electron and hole mass,
respectively.13 When EF is substantially higher than the
lowest conduction subbands E1, EF increases linearly as
the carrier density increases in the quantum well.19 Since
the carrier density is proportional to the injected current,
and the injected current is directly related to the applied
voltage, the absorption peak shift is directly proportional
with the applied voltage. In this way, by modulating the
applied voltage, we can build an ecient modulator.
We rst measure the EAMs static performance as a
function of bias at 1.55 m, as shown in Fig. 4(a). The
measurement results are normalized to the transmission
through a straight waveguide using the same ber-chip
interface. The insertion loss of the EAM is around 5 dB
at zero bias, larger than the simulation results. This is
attributed to the fact that the width of the MQW+SCH
region in the fabricated device is larger than the de-
signed value of 1.5 m, shown in Fig. 1(b). In this case,
the bi-level taper coupler will excite higher order modes
and cause unwanted reection during mode transforma-
tion, especially in the rst level taper.16 Fig. 4(a) shows
that there are two regimes of absorption variation versus
bias voltage. In reverse bias, the absorption variation is
caused by continuum transition absorption (the classic
electroabsorption eect). Due to the short device length,
the extinction ratio is only around 4dB with the voltage
changing from -1V to -2V. In forward bias, the absorption
variation is caused by the exciton transition absorption.
FIG. 4. (a) The bias dependent normalized transmission for
the 80 m long EAM at 1.55 m. (b) The exciton absorp-
tion spectra (dB) for dierent bias voltages. The strongest
absorption is more than 20 dB.
The change in absorption is more than 20 dB with only
100 mV bias variation. The measured absorption spectra
with bias variation are shown in Fig. 4(b). The exciton
peak absorption and shifts are in good agreement with
the simulation results shown in Fig. 3. In the forward
bias, the blue shift rate of the exciton absorption peak
is around 50 nm/V, without a reduction in absorption
strength. Therefore, a low driving voltage EAM can be
realized in the forward bias.
Next, we measure dynamic performance of the EAM
at 1.55 m. A non-return-to-zero (NRZ) 231-1 pseudo-
random bit sequence (PRBS) pattern is generated and
attenuated to a level of 50 mV swing, and then applied
to the III-V-on-silicon EAM via a bias-T providing a for-
ward bias of 0.6 V. The modulated light is coupled out
to a ber through a ber-to-chip grating coupler and am-
plied by an erbium-doped ber amplier (EDFA). The
amplied spontaneous emission generated by the EDFA
is subsequently ltered out by a narrow optical lter. Eye
diagrams are measured using a Tektronix 8300A digital
series analyzer. The 1.25 Gbps eye diagram of the EAM
is shown in Fig. 5(a). The dynamic extinction ratio is 6.3
dB, which is twice as large as the low voltage drive sili-
con modulators based on tuning the resonant wavelength
with the same peak-to-peak voltage.11 The method to
calculate the energy consumption of the EAM is pre-
4FIG. 5. Measured 231-1 PRBS NRZ eye diagrams at 1.55 m
(a) 1.25 Gbps at forward bias 0.6 V. (b) 12.5 Gbps at reverse
bias -1.5 V.
sented in Ref. 1. Because the cross-section of our 80
m long EAM is the same as our previous 100 m long
modulator,9 the junction capacitance is estimated to be
around 116 fF. The transient energy consumption for this
EAM is 0.29 fJ/bit. The transient energy consumption
can be further reduced by narrowing the MQW+SCH
layer width, which eectively decreases the junction ca-
pacitance. The DC energy consumption per bit at 1.25
Gbps is 110 fJ/bit, which can be reduced by increasing
the modulator speed. It is worthwhile noting that the
rise and fall time is limited by the carrier lifetime in the
MQWs for the present EAM working under a forward
bias. Fig. 5(b) shows the high-speed performance for the
same EAM working under a reverse bias at a data rate
of 12.5 Gbps with a voltage swing of 1.1 V. One can see
that the modulation bandwidth is signicantly increased
due to the fact that the carrier lifetime is largely reduced
at a reverse bias. The speed of the EAM in this case is
limited by the RC time constant.1,9 Using modulation-
doped MQWs to move the Fermi energy level above the
lowest conned state in the conduction band at zero bias,
we can shift the working point to a reverse bias.13,14 In
this way, the modulation bandwidth of the present band-
lling based EAM can also be increased.
In summary, we have demonstrated an III-V-on-silicon
EAM based on the band lling eect. With 100 mV
bias variation, the DC extinction ratio is better than
20 dB. The exciton absorption peak shift and intensity
variation are in good agreement with the simulation re-
sults. A clear open eye diagram has been obtained at
1.25 Gbps with a dynamic extinction ratio of 6.3 dB.
The peak-to-peak driving voltage is only 50 mV. The
speed of the present device is limited by carrier lifetime
and can be further improved by using modulation-doped
MQWs. The insertion loss and transient energy con-
sumption can be further improved with optimized fab-
rication processes.
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